Plasmonics in graphene, which is a 2D monolayer of Catoms, has recently received wide attention in the optics community. This is because the bound electromagnetic modes (plasmons) are tightly confined to the surface/interface and can also be tuned with carrier concentration. In other words, the optical response of graphene can be controlled externally by electrostatic doping. In the long wavelength limit (q ! 0), the plasmon resonance in graphene varies relativistically with carrier concentration, n, as x p ¼ ðe 2 F q=j h ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi png s g v p Þ 1=2 . In this semi-classical formalism for plasmon dispersion, F ¼ 10 8 cm=s is the Fermi velocity of charge carriers in graphene. 1 The spin (g s ) and valley degeneracies (g v ) are both equal to 2. The dielectric constant of the surrounding medium, j, appears as an average of the top and bottom dielectric layers. Interestingly, with a doping of n $ 10 12 -10 13 cm
À2
that can be achieved with external gates, the plasmon resonance in graphene appears in the infrared (IR) and terahertz (THz) range. 2, 3 These plasmons were imaged recently using near-field microscopy by exciting graphene with an IR pulse. 4 Interestingly, in the presence of a gate potential, the plasmon waves may be modified by the electric field to have a linear dispersion relation, x p ¼ sq, where s is the wave velocity. 5, 6 Graphene, therefore, presents an exciting opportunity for use in tunable IR and THz optical elements such as modulators, 7, 8 filters, 9,10 and detectors. 11 Assuming that the interband and intraband plasmon losses could be overcome by doping, 3 graphene may be an interesting material to use as an optical element with conventional compact THz sources such as quantum cascade lasers (QCLs). Typically, THz QCLs operate in the wavelength region of 60-160 lm and can be focused to a beam size of a few mm. Theoretically, graphene when designed as a filter for a THz-QCL operating in resonance at x p ¼ 2 THz using the scaling law x p / n 1=4 w
À1=2
requires to be lithographically patterned into microribbons of width, w $ 18 microns (at n ¼ 1:5 Â 10 13 cm À2 ), over an area corresponding to the beam-spot size. 9, 12 Such dimensions are commonly achieved by lithographically processing large area graphene grown via a scalable chemical vapor deposition (CVD).
Large-area CVD graphene is inherently poly-crystalline and the nature of the domain boundaries and the interdomain connectivity critically affect its electrical transport properties. 13, 14 Intimately connected to the CVD nucleation and growth process (including transfer), 15 these domain boundaries may act as scattering centers for propagating surface plasmons, introducing resonances in the absorption spectrum corresponding to the Fourier transform of the spatial disorder. 16 Furthermore, scattering might also occur due to ions conventionally used to gate graphene to n $ 10 13 cm À2 . In this work, we spectroscopically investigate the scattering of THz waves in co-planar gated monolayer CVD graphene (MLG). We find that certain absorption resonances in gated graphene depend on the type and density of charge carriers induced externally.
Plasmon resonance in graphene can be scaled to THz frequencies by gating MLG to carrier concentrations of n $ 10 13 cm À2 . Unlike gating of graphene through the doped Si backgate (capacitance $12 nFcm À2 ) which can induce carriers up to n $ 10 12 cm À2 at $100 V, a very high carrier concentration is achieved at $1 V with an ionic gate. This is because of extremely high capacitive coupling ð$ 2l Fcm À2 ) between the top gate comprising of LiClO 4 in polyethylene oxide matrix and graphene, due to the formation of a Debye layer thickness $1-5 nm. 17 To minimise gate leakage, we employ a co-planar gate which is separated from the graphene edge by a distance, d $ 200 lm. thickness of ion gel varies across the area, the capacitance remains constant as it is dominated by a monolayer of ions which form the Debye layer. Furthermore, by referring all our measurements to the charge neutrality point (CNP) of graphene, we ensure that the optical measurements are representative of the gated graphene alone. The charge neutrality point (V CNP ) is defined as the gate voltage where the conductivity is at its minimum. In our devices, we observe a CNP between 0.3 and 0.5 V. We can reasonably assume that the optical properties of the bottom substrate remain constant as a function of top gate voltage V tg as it only alters the conductivity of graphene.
The applied gate bias V tg can be easily translated to n by solving the equation Figure 1 ), and the absorption increases with frequency by up to about 10% at x ¼ 2 THz. Similar behavior is obtained at V tg À V CNP ¼ À0:1V when graphene is doped with holes. This is in agreement with a Drude like response of the conductivity, i.e., rðxÞ ¼ iD=pðx þ iCÞ, where D is the Drude constant. At higher voltages, the THz absorption is tunable with gate voltage. This is due to a change in rðxÞ according to the following equation:
The carrier concentration, n, can be extracted from V tg ÀV CNP as shown in Figure 1 (c) which can be used to estimate the Fermi level, E F ¼ h F ffiffiffiffiffiffiffiffiffi ðpnÞ p . We observe that the absorption is gate tunable and shows flat response with frequency until x ¼ 1 THz. However, at 1.6 THz, we observe a distinct absorption feature superimposed on the Drude like response of graphene as the gate voltage is increased to 60:5V, as seen in Figure 2 . These features are not observed in the absorption spectrum of the ion gel, which absorbs 2%-4% incident THz radiation when referred to the SiO 2 /Si substrate, shown in Figure 2 (c). From Figure 2 (a), we note an absorption peak at $1.6 THz when graphene is p-doped and E F is below the Dirac point. This feature however reverses in Figure 2 (b) when graphene is n-doped and E F is above the Dirac point. These spectroscopic signatures are identified using THz time domain spectroscopy, in the transmission mode, with incident THz beam normal to the surface having a beam spot size $3-4 mm. All measurements are carried out at room temperature and under dry atmosphere purged with N 2 .
The absorption spectrum in Figure 2 is determined by numerically evaluating the Fourier transform of the first pulse transmitted through graphene E 1 ðtÞ, which has the highest amplitude. In the time domain, one also obtains the reflection of the incident THz beam due to the finite thickness of the SiO 2 /Si substrate ($500 lm) resulting in signal echoes. The secondary transmitted pulse, E 2 ðtÞ, reflected from Si substrate is lower in magnitude as compared to E 1 ðtÞ due to losses within the substrate, but it passes through graphene twice. It is to be noted that if the THz beam is incident at an angle, then E 1 ðtÞ and E 2 ðtÞ will carry the spectral information of two different points on graphene which are spatially separated. At normal incidence, both the E 1 ðtÞ and E 2 ðtÞ pass through the same point on the surface of graphene. Therefore, it is likely that E 2 ðtÞ will yield a stronger optical signature of doped, CVD graphene, as it passes through graphene twice. This is indeed what we observe in the absorption spectrum of graphene shown in Figure 3 . Note that as the THz pulse travels twice through graphene in the case of Figure 3 , the 10% change in absorption at highest doping is nearly twice the 5% change in absorption observed at low frequencies in Figure 2 . Superimposed upon the flat absorption spectrum we observe peaks evolving with voltage at 1.1 THz and 1.6 THz. The resonance at 1.6 THz appears to be strong in the case of p-doped graphene. At a doping of 5 Â 10 12 cm À2 , the normalised absorption referred to CNP is nearly zero. As the doping increases to 1.6 Â 10 13 cm À2 , the absorption increases by 10%, and the peak shows 20% change in absorption at 1.6 THz. Similar absorption feature at 1.6 THz is seen in other large area graphene samples. Corresponding to the absorption resonance at 1.6 THz in Figure 3(a) , we see the phase difference, dd, changing sign from positive to negative in Figure 3(b) . Interestingly, for the case of n-doped graphene, dd undergoes a phase change from negative to positive (Figure 3(d) ). We note from our measurements of back-gated graphene and those shown in literature that the absorption features are unique to topgated graphene. 8, 18, 19 Theoretical studies of plasmon propagation in gated semiconductor field effect transistors predict plasma oscillations at THz frequency under asymmetric source-drain bias due to reflection from the device boundaries. 6, 20 Because the instability conditions require a low drain current, asymmetric boundary conditions may also be introduced if only one of the contacts is grounded. The plasma wave velocity, s, under these conditions is higher than v F and given as s ¼
where a g is the gate-voltage dependent parameter equal to 4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
. This model may be adapted to graphene.
These plasmon waves may then reflect from the domain boundaries of monolayer graphene grown via CVD. 16 The wavevector q can be replaced as ð2m À 1Þp=2r, where r is the radial dimension of the crystal and m ¼ 1; 2; 3:::. In our samples, the domain size is observed to be of the order of 30-40 lm 2 from microscopy studies of CVD graphene. q . The plasmon frequency may also depend on the stitching of the grain boundaries. Ideally, the plasmon frequency should shift with electric field, which is not so in our experiments. Perhaps, at high carrier concentration the plasmon wave velocity experiences saturation with gate electric field. 21 We therefore observe that in the case where the surface current is carried by holes, the scattering of plasmons due to domain boundaries leads to energy absorption whereas when the surface current in graphene is carried by electrons the scattering of plasmons leads to emission. It is probable that the true absorption spectrum and hence the plasmon resonances is a superposition of multiple effects, i.e., reflects the statistical distribution of domains, kinks, and wrinkles in CVD graphene.
Interestingly, intrinsic plasmonic resonances have been observed in unpatterned graphene epitaxially grown on SiC, 22 with a background carrier concentration, n $ 8 Â 10
12 cm À2 at no bias. The origin of these resonances corroborated microscopically has been attributed to uniform defects in epitaxial graphene. While it is known that the application of magnetic field splits these intrinsic plasmons into bulk and edge states, there have been no studies on the effect of charge disorder induced externally on the appearance of these plasmonic resonance modes. We observe similar plasmonic resonances in CVD grown, monolayer graphene MLG. Near-field scanning microscopy of plasmons scattered in graphene at THz frequencies may provide additional insight to the origin of these resonances. 4 In conclusion, THz time domain spectroscopy reveals interesting absorption features at $1.6 THz in CVD graphene gated to carrier concentration of n $ 10 13 cm
À2
. These plasmon resonances can be related to the polycrystalline nature of CVD graphene grown. Depending upon the type of doping, these plasmon resonances can lead to either energy absorption or energy emission. An understanding of plasmon scattering by inhomogeneities associated with poly-crystallinity in CVD graphene gated at high doping is necessary and fundamental to the development of THz optical elements using large-area graphene. 
